Oligonucleotides carrying cationic peptides have been used to improve hybridization and cellular uptake of oligonucleotides. In this study, a series of four cationic amino acid derivatives were covalently linked at the Flow cytometry analyses confirmed that fluorescently labelled antisense G4-quadruplex nanostructures were efficiently taken up by HeLa cells. These results suggest that G-quadruplex nanostructures may be used to improve cellular uptake of therapeutic oligonucleotides.
Introduction
The G-quadruplex is a stable secondary structure that is formed in guanine-rich nucleic sequences. This structure is based on the p-p stacking of two or more planar arrangements of four guanine bases associated through Hoogsteen base-pairings. These structures are usually stabilized by monovalent cations that are placed in the central cavity of the G-quartets, forming cation-dipole interactions with eight guanines.
1,2
This stabilization has been evaluated in the presence of several cations, with Na + and K + being the most studied.
G-Quadruplex structures may show different topologies, depending on strand number, their orientation (parallel or antiparallel), the oligonucleotide sequence, the guanine base conformations around the glycosidic bond (syn or anti) and others.
3 G-Quadruplexes have received remarkable attention in areas ranging from supramolecular chemistry and nanobiotechnology to medicinal chemistry. Additionally, several examples can be found in the use of extended nanoscale G-wires, 4 chip-based biosensors 5 and DNA nanodevices. Hurley and Neidle described the use of G-quadruplexbinding small molecules to target and inhibit the enzyme telomerase in cancer cells for the rst time. 7 Since then, the biological application of G-quadruplexes has received a lot of attention in the search for novel cancer therapeutics 8 and in the eld of structure-based drug design. 9 These studies have shown that planar aromatic ligands, molecules based on macrocyclic or helically folded oligomers, porphyrin-like units displayed a clear preference for recognizing, binding and stabilizing G-quadruplexes.
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Besides their importance in gene expression regulation, 16 some G-quadruplexes have been also described as potential anti-HIV drugs due to their capacity to interact with proteins present in HIV-1 infections. 17 Based on this, extensive work has been carried out in the search of antiviral compounds with the synthesis of novel G-quadruplex-forming oligonucleotide derivatives. Examples can be found in the case of T30177, a 17-mer G-rich sequence that inhibits HIV replication cycles, 18 PS-ISIS5320 (TTGGGGTT) 19 and the Hotoda's 6-mer sequence d(TGGGAG). 20 Further modications and biophysical studies with carbohydrates, 21 cholesterol 22 and large aromatic groups at the 5 0 -termini of the Hotoda's sequence 23 have helped understand the behavior of these modied G-quadruplexes and thus obtain series of conjugates with improved stabilities and inhibitory activities than unmodied sequences. Furthermore, it is worth mentioning that a good number of aptamers with biological activity can also contain G-quadruplex structures, indicating that G-quadruplex can be considered a privileged structure since it is able to interact and recognize proteins and more specically, membrane proteins.
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The structure and kinetics of the tetramolecular Gquadruplex structure of the [d(TG 4 T)] 4 have been well-studied and characterized. 25 This Tetrahymena 6-mer telomeric repeat sequence only contains guanine (G) and thymine (T) bases which tend to form stable parallel G-quadruplexes with all guanine residue in the anti-conformation in the presence of Na + and K + cations in solution. The use of solid-phase synthesis, 26 phosphoramidite chemistry 27 or molecular self-assembly 28 strategies have offered accessible and robust approaches for modifying this tetramer either at their ends (3 0 -or 5 0 -termini) or at internal positions by introducing modied guanine derivatives. 29 Additionally, the effect of branched oligonucleotides, 26, 27 dendrimers with a wide range of functionalities 28 and 8-aminoguanine derivatives 29 are some examples that have been studied to evaluate the tetrameric structure stability, kinetics and mechanism of the [d(TG 4 T)] 4 G-quadruplex formation.
Cationic peptides have been used to improve both biophysical and cellular uptake properties when combined with nucleic acids (e.g. antisense or siRNA oligonucleotides) through covalent or electrostatic approaches.
30,31
For example, cellpenetrating peptides like penetratin, Tat peptide or other delivery systems containing arginine derivatives are representative examples recently reported in literature. 32, 33 However, there are few precedents in the literature to date in which Gquadruplexes have been combined or covalently linked with cationic peptides. One of the most representative studies was carried out by Chatterjee et al. who described the effect promoted by the human cathelicidin cationic peptide LL37 on the stabilization of telomeric G-quadruplex and its evaluation of the enzyme telomerase inhibition activity in cancer cells.
34
In light of the important properties that cationic peptides can exert on nucleic acids at both biophysical and biologically levels, novel hybrid systems based on the linkage of cationic amino acids with G-quadruplexes offer not only new challenges from a synthetic point of view, but also valuable information about these systems from a biological point of view. There are a good number of cationic amino acids that have been used to enhance both cellular uptake processes and the distribution of nucleic acids. Some examples can be found in the case of lysine (Lys), ornithine (Orn) together with their guanidinium counterparts, which have been introduced in several cell-penetrating peptide sequences to facilitate cellular internalization and thus deliver-therapeutic nucleic acids to their respective targets.
35-37
Taking into account the ability of short guanine-rich oligonucleotide to self-assemble and generate high-order structures, the presence of Lys, Orn, homo-arginine (HArg) and arginine (Arg) residue covalently linked at the 3 0 -termini of the telomeric repeat sequence d(TGGGGT) could lead to interesting cationic structures that would endow the G-quadruplex with additional properties not only on a biophysical level, but also on a biological level (Fig. 1A) . Toward this goal, we herein describe a synthetic strategy to introduce these four amino acids (Lys, Orn, HArg and Arg) together with biophysical characterization of the resulting cationic G-quadruplex-forming oligonucleotide conjugates. Additionally, the synthesis of a small series of a 17-mer antisense oligonucleotide (ASO)/[d(TG 4 T)] 4 hybrids containing Lys, Orn, HArg, and Arg residue and their ability to silence Renilla luciferase using antisense technology in the absence of cationic lipids was also described (Fig. 1C) . The results shown here open the possibility of using G-quadruplex nanostructures to enhance cell delivery of antisense oligonucleotide derivatives.
Experimental

General
All sensitive reactions to air were carried out under nitrogen atmosphere in ame-dried using dry solvents and were carried out under glassware with magnetic stirring. All solvents and other reagents were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and were used as supplied. All the standard phosphoramidites (A, C, G and T) together with ancillary reagents used for oligonucleotide synthesis were purchased from Link Technologies (Lanarkshire, Scotland Molecular absorption-monitored melting experiments were performed using a Jasco V-650 instrument equipped with a thermo-regulated cell holder. Circular Dichroism (CD) spectra were recorded on a JASCO J-810 equipped with a thermoregulated cell holder, as well. Melting temperatures (T m ) were calculated from melting experiments as described elsewhere, 38 using MATLAB routines (R2009b version; Math-Works, Natick, MA, USA).
Electrospray ionization mass spectra (ESI-MS) were recorded on a Micromass ZQ instrument with single quadrupole detector coupled to an HPLC, and high-resolution (HR) ESI-MS on an Agilent 1100 LC/MS-TOF instrument (Servei d'Espectrometría de Masses, Universitat de Barcelona). Matrix-assisted laser desorption ionization time-of-ight (MALDI-TOF) mass spectra were recorded on a Voyager-DE™RP spectrometer (Applied Biosystems) in negative mode (2,4,6- Protocol for G-quadruplex formation G-Quadruplex complexes were formed by dissolving both lyophilized conjugates 3 0 -(7-10) and the unmodied oligonucleotide d(TG 4 T) in 10 mM lithium cacodylate buffer (pH 7.2) supplemented with 0.11 M NaCl. Also, phosphorothioate oligonucleotide conjugates Luc- (11) (12) (13) (14) were dissolved in a buffer solution containing 100 mM PBS (pH 7.4). Both solutions were annealed by heating at 93 C for 2 minutes and slowly cooling down to room temperature. The resulting oligonucleotide solutions (G4-7, G4-8, G4-9, G4-10, Luc-G4-11, Luc-G4-12, Luc-G4-13 and Luc-G4-14, respectively) and the unmodied tetramer [d(TG 4 T)] 4 were stored at 4 C for one week before recording CD spectra, melting proles and carrying out transfection studies.
CD spectroscopy and thermal denaturation experiments
CD spectra of the G-quadruplex conjugates [G4-(7-10)] and the unmodied G-quadruplex [d(TG 4 T)] 4 were registered between 220 and 320 nm at 20 C in the appropriate buffer. CD thermal denaturation experiments of G-quadruplex-forming oligonucleotides (G4-7, G4-8, G4-9 and G4-10) (5-10 mM) were performed in a range of temperature between 20 and 85 C using a heating rate of 0.8 C min À1 and monitoring the CD values at 263 nm.
Electrophoretic mobility shi assay (EMSA)
Phosphorothioate conjugates Luc-(11-15) (0.5 mM) were analyzed by electrophoresis on 20% polyacrylamide gel under native conditions. 1Â TBE were used as a running buffer. Aliquots were dissolved in a mixture containing 1Â TBE and 50% glycerol (1 : 1) and samples were run at 150 V for at least 8 hours at 25 C. Oligonucleotide bands were stained with SYBR green according to the manufacturer's instructions.
Snake venom phosphodiesterase. Samples (3.5 mM) were incubated with phosphodiesterase I from Crotalus adamanteus venom (SNVPD; 10 mU) in a buffer containing Tris$HCl and MgCl 2 . As an example, samples (2 mL) were dissolved in a mixture of Tris$HCl buffer (22.4 mL), MgCl 2 (2 mL) and SNVPD (13.6 mL). At appropriate times, aliquots of the reaction mixture (5 mL) were taken and added to urea solution (15 mL, 9 M). Finally, samples were analyzed by electrophoresis on a 20% polyacrylamide gel containing urea (7 M). Oligonucleotide bands were visualized with SYBR green according to the manufacturer's instructions.
MTT-based cytotoxicity assay
HeLa cells were regularly passaged to maintain exponential growth. Cells were seeded (5 Â 10 3 cells per well) into each well of a 96-well cell culture plate and were incubated overnight at 37 C and 5% CO 2 in DMEM supplemented with 10% FBS without antibiotics. Cells were incubated for 8 hours with the oligonucleotide conjugate monomers Luc- (11) (12) (13) (14) and Luc-G4- (11) (12) (13) (14) with increasing concentrations (60, 120 and 300 nM) in 200 mL of DMEM (10% FBS). The unmodied tetramer Luc-G4-15 was used as a control. Growth medium was removed and cells were washed with PBS (200 mL). Fresh DMEM (10% FBS) was added (200 mL) and cells were incubated again for 12 hours at 37 C.
Then, MTT dye solution (25 mL; 5 mg mL À1 ) was added per well and cells were incubated for two additional hours. Medium was removed and DMSO (100 mL) was added to dissolve formazan crystals. The plate was read at 570 nm.
In vitro antisense oligonucleotide conjugates transfection assay in the presence of Lipofectamine
HeLa cells were regularly passaged to maintain exponential growth. Cells were seeded (10 5 cells per well) into each well of a 24-well plate and were incubated overnight at 37 C and 5% CO 2 in growth medium (60% conuence). This medium was composed of DMEM supplemented with 10% FBS, 100 units per mL penicillin and 100 mg mL À1 streptomycin. Cells were transfected with a mixture containing luciferase plasmids and antisense oligonucleotides. Two luciferase plasmids -Renilla luciferase (pRL-TK) and Firey luciferase (pGL4) -were used as reporter and control, respectively. Plasmids pGL4-control (1.0 mg) and pRL-TK (0.1 mg) together with antisense oligonucleotides Luc-(11-14) at 60 nM and Lipofectamine 2000 (1.3 mL) were formulated into liposomes and added to each well with a nal volume of 600 mL. Aer 18 hours of incubation at 37 C, medium was discharged and cells were thoroughly washed with PBS. The unmodied oligonucleotide (Luc) and the unmodied Luc-TG 4 T monomer (Luc-15) were used as controls at the same concentration. Transfections were performed in triplicate. Finally, lysates were analyzed for luciferase expression and Firey and Renilla luciferase expression were measured according to manufacturer's protocol.
In vitro G-quadruplex-forming antisense oligonucleotide conjugates transfection assay in the absence of Lipofectamine HeLa cells were regularly passaged to maintain exponential growth. Cells were seeded (10 5 cells per well) into each well of a 24-well cell culture plate and were incubated overnight at 37 C and 5% CO 2 in growth medium (60% conuence). This medium was composed of DMEM supplemented with 10% FBS, 100 units per mL penicillin and 100 mg mL À1 streptomycin.
Cells were transfected with Renilla luciferase (pRL-TK; 0.1 mg) and Firey luciferase (pGL4; 1.0 mg) plasmids in combination with Lipofectamine 2000 in OptiMEM, according to manufacturer's protocol. Before transfection, DMEM was removed from the cells and wells were washed with PBS (500 mL). The mixtures were incubated 6 hours at 37 C to allow the plasmid uptake by cells in DMEM supplemented with 10% FBS without antibiotics. The growth medium was removed from the cells that were thoroughly washed with PBS (2 Â 400 mL). Finally, fresh DMEM supplemented with 10% FBS was added (500 mL). 100 mL of (Luc-G4-11, Luc-G4-12, Luc-G4-13 and Luc-G4-14) in 100 mM PBS with increasing concentrations (60 nM, 120 nM and 300 nM) were added with a nal volume of 600 mL. The unmodied tetramer (Luc-G4-15) and the antisense oligonucleotide (Luc) were used as controls at the same concentrations. Transfections were performed in triplicate. Cells were allowed to grow for 24 hours at 37 C. Medium was discharged and cells were washed with PBS (400 mL). Finally, 1Â lysis buffer was added (15 min of stirring at room temperature) and the resultant lysates were analyzed for luciferase expression. Firey and Renilla luciferase expression were measured according to manufacturer's protocol.
Flow cytometry
HeLa cells (10 5 cells per well) were seeded on 24-well cell culture plate following the same transfection procedure described before. Cells were analyzed aer 24 hours incubation. Following uorescently labelled Luc-G4-16 incubation, cells were washed with PBS (3 Â 500 mL) and harvested with trypsin-EDTA (200 mL) at 37 C for 5 minutes. DMEM (800 mL) was added and cells were centrifuged ((3.0 rcf Â 3 min), 8 min). Cells were washed with PBS again (3 Â 500 mL) and the anticipated pellets were analyzed by a ow cytometer instrument. For each sample, 10 4 events were collected in a selected gate (R1) that corresponds to the HeLa cell population. Flowing Soware 2.5.1 (University of Turku, Finland) was used to analyze the relationship between uorescently labelled and untreated cell populations.
Statistical analysis
All data were shown as mean AE standard deviation (SD) and are the result of an average of three to six replicates. Statistical differences (*p < 0.05, and **p < 0.01) were determined using a regular two-way ANOVA analysis of variance combined with Bonferroni post-test which was used for multiple comparisons.
Results and discussion
Synthesis of cationic G-quadruplex-forming oligonucleotide conjugates containing lysine, ornithine, homo-arginine and arginine
A short guanine-rich oligonucleotide of sequence d(TGGGGT) was covalently modied with four types of cationic residue which were incorporated at the 3 0 -termini. We used threoninol as a starting material to introduce modications because of the presence of two alcohol groups with different reactivity among each other. This selectivity makes threoninol compatible with solid-phase chemistries, in particular with DNA and RNA syntheses. [39] [40] [41] Furthermore, the presence of an amino group in the threoninol molecule provides an additional degree of diversity besides the possibility of reacting with other functional electrophile groups like alkyl halides, aldehydes, ketones or carboxylic acids among others. This high degree of versatility allows for DNA and RNA molecules to be achieved with additional modications and therefore endow them with an increased complexity.
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Lys and Orn are two amino acids that have been used for modifying nucleic acids [43] [44] [45] and have provided important properties to oligonucleotides in terms of stability and cell entry. 46, 47 The synthesis of oligonucleotide conjugates containing Lys and Orn is displayed in Scheme 1. We decided that the uorenylmethyloxycarbonyl group (Fmoc) was best suited for protecting the site chain of Lys and Orn. The activation of the (Fmoc) 2 Lys-OH and (Fmoc) 2 Orn-OH carboxylic acids with Nhydroxysuccinimide allowed for their selective incorporation into the threoninol molecule affording the lysine (3) and ornithine (4) derivatives with good yields (67% and 87%, respectively). The selective protection of the primary alcohol was carried out using dimethoxytrityl chloride (DMTrCl) which generated the formation of the DMTr-threoninol derivatives (5) and (6) with good to moderate yields (92% and 42%, respectively). Finally, the functionalization of the secondary alcohol with succinic anhydride afforded the corresponding carboxylic acids which were rapidly incorporated into a Controlled-Pore Glass (CPG) solid support yielding the modied resins CPG-1 (L ¼ 31.2 mmol g À1 ) and CPG-2 (20.7 mmol g À1 ).
The assembly of oligonucleotide conjugates 3 0 -(7) and 3 0 - (8) containing the telomeric sequence d(TGGGGT) as a model was obtained using an automated DNA synthesizer and standard phosphoramidite chemistry as well as DMToff-based protocols.
We puried detached oligonucleotide conjugates 3 0 -(7) and 3 0 -(8) by using a semi-preparative HPLC and veried it using MALDI-TOF mass spectrometry ( Table 1 ). The nal step was the incorporation of the guanidinium moiety according to postsynthetic approaches by adding a O-methylisourea solution. 47, 48 Although conjugates 3 0 -(7) and 3 0 -(8) have two amino groups susceptible to modication, we only observed the monoguanidinylated conjugates containing homo-arginine 3 0 -(9) and arginine 3 0 -(10) cationic residue, respectively. Aer desalting, the aforementioned oligonucleotide conjugates were isolated without further purication, analyzed by analytical HPLC and nally conrmed by using MALDI-TOF mass spectrometry 
b PO: phosphodiester; PS: phosphorothioate (underlined).
c (Non-equilibrium) melting temperature of the preformed G-quadruplex in 10 mM potassium phosphate buffer, 200 mM KCl, 0.1 mM EDTA (pH 7.0) with a temperature gradient of 0.8 C min À1 . Uncertainty: AE0.5 C. d (Nonequilibrium) melting temperature of the preformed G-quadruplex in 10 mM lithium cacodylate buffer with 0.11 M NaCl (pH 7.2) with a temperature gradient of 0.8 C min À1 . e DT: difference between guanosine-rich oligonucleotide conjugate T 1/2 and unmodied guanosine-rich oligonucleotide T 1/2 .
f [M + Na + K] + . To conrm the purity of the conjugate, a polyacrylamide gel electrophoresis (PAGE) was carried out (see ESI for further details).
g The [GGGGT-Luc] + fragment is observed. To conrm the purity of the conjugate, a polyacrylamide gel electrophoresis (PAGE) was carried out (see ESI for further details).
h nd: not determined.
( Table 1 ). For further experimental details regarding synthesis of both threoninol derivatives and oligonucleotide conjugates modied at 3 0 -termini, see ESI. † With oligonucleotide conjugates 3 0 -(7-10) and the unmodied d(TGGGGT) oligonucleotide in our hands, self-assembling processes took place when subjected to the presence of either a 10 mM potassium phosphate buffer, 200 mM KCl, 0.1 mM EDTA (pH 7.0) or a 10 mM lithium cacodylate buffer supplemented with 0.11 M NaCl (pH 7.2). Circular dichroism conrmed the presence of the parallel-stranded tetramolecular G-quadruplex structures at 20 C for the conjugates (G4-7, G4-8, G4-9 and G4-10, respectively) displaying a typical positive band at 264 nm and a negative band around 240 nm. Fig. 2A shows the circular dichroism spectra for G4-(7-10) conjugates together with the unmodied tetramer [d(TG 4 T)] 4 in cacodylate buffer.
CD melting analysis
The effect of cationic modications on the G-quadruplex stabilization G4-(7-10) compared to the unmodied [d(TG 4 T)] 4 tetramer was studied by thermal denaturation using CD spectroscopy. Two buffers were considered. In the presence of 10 mM potassium phosphate buffer, all G-quadruplex sequences were stable at temperatures up to 80 C (Table 1) . However, when potassium ions were replaced by sodium (10 mM cacodylate buffer with 0.11 M NaCl) the melting of the quadruplexes G4-(7-10) took place, as we had expected. These results agree with the literature 25 due to the preference of G-quadruplex central cavities for potassium over sodium ions. 49 As displayed on Fig. 2B.1-B .5, as the temperature increased, the positive and the negative bands at 264 and 240 nm reduced in magnitude and shied to lower wavelengths. Additionally, the apparent melting temperature (T 1/2 ) of the cationic G4-quadruplexes G4-(7-10) was also determined considering these tetrameric G-quadruplex structures were not in thermodynamic equilibrium during the unfolding process. 25, 50 Interestingly, the introduction of the cationic residue (Lys, Orn, HArg and Arg) clearly stabilized the G-quadruplex structure (62.2, 65.6, 64.8 and 63.0 C for G4-7, G4-8, G4-9 and G4-10, respectively) compared to the apparent melting temperature of the unmodied [d(TG 4 T)] 4 tetramer (control) (59.2 C) (see Table 1 and ESI † for further details).
48,51
In vitro transfection studies
Aer conrming that these cationic moieties introduced at the ends of the tetrameric sequence were able to stabilize the Gquadruplex structure, we decided to move forward and study new hybrid constructs. In addition to having the same telomeric unit previously described, they also contained additional oligonucleotide sequences with biological relevance in their structures.
We selected a phosphorothioate oligonucleotide of sequence d(5 0 -CGT TTC CTT TGT TCT GGA-3 0 ) 52 which was conveniently assembled at the 5 0 -termini of the telomeric sequence in order to obtain the mixed phosphodiester/phosphorothioate oligonucleotides Luc- (11) (12) (13) (14) containing lysine (Luc-11), ornithine (Luc-12), homo-arginine (Luc-13) and arginine (Luc-14) conjugates, respectively. We also prepared the phosphodiester/ phosphorothioate oligonucleotide Luc-TG 4 T (Luc-15) not containing a cationic amino acid residue as a control. According to DMTon-based protocols, all conjugates were puried by semipreparative HPLC except for Luc-15, which was obtained directly without further purication (DMToff protocol). All conjugates were characterized by MALDI-TOF mass spectrometry and veried using native PAGE gel (Table 1 and ESI, Fig. S4 †) . Aerwards, G-quadruplex-forming oligonucleotide hybrids Luc-G4- (11) (12) (13) (14) along with the unmodied tetramer (Luc-G4-15) were formed in 100 mM PBS buffer (pH 7.2) according to the same methodology previously described (CD spectra of Luc-G4-11, Luc-G4-12 and Luc-G4-15 are displayed in the ESI, Fig. S5 † as representative examples) . Before starting the transfection experiments, the cytotoxicity of the phosphorothioate monomers [Luc- (11) (12) (13) (14) ] and Gquadruplex constructs [Luc-G4- (11) (12) (13) (14) ] were rst carried out by examining the cell viability for HeLa cells using the MTT colorimetric assay (Fig. S6 †) . 53 As displayed on Fig. S6A (see ESI †), none of phosphorothioate [Luc- (11) (12) (13) (14) ] antisense monomers tested nor cationic G-quadruplex conjugates [Luc-G4- (11) (12) (13) (14) ] were detrimental in HeLa cell viability compared to the untreated cells (blank) at several concentrations (60, 120 and 300 nM). This indicates the lack of toxicity of both amine and guanidine derivatives (Fig. S6B †) .
Degradation by exonucleases
An important issue related to the cellular delivery of therapeutic oligonucleotides is lysosomal escape in order to reach the target mRNA. For this reason, we considered keeping the d(TGGGGT) oligonucleotide sequence in its phosphodiester form, so lysosomal degradation of the antisense sequence would help liberate the antisense oligonucleotide sequence intact due to the presence of the protected phosphorothioate bonds.
The liberation of the antisense Luc oligonucleotide from the TG 4 T building block was studied using degradation experiments. Stability experiments of the phosphorothioate conjugate (Luc-15) in the presence of snake venom phosphodiesterase revealed phosphate bond degradation within a short period of time starting from the 3 0 -termini until reaching the rst phosphorothioate bond which remained constant during the degradation experiment (Fig. 3) . As a consequence, this liberation from the d(TGGGGT) oligonucleotide would allow the Luc antisense oligonucleotide to reach the mRNA molecule and then block the luciferase protein.
Taking into account our PAGE denaturizing gels, we noticed that Luc oligonucleotide (Fig. 3 -le, control) migrated in a different way than the phosphorothioate oligonucleotide liberated from Luc-15 ( Fig. 3-right) . This effect could be attributed to the presence of the rst phosphorothioate bond that joins the 5 0 -termini of d(3 0 -TGGGGT-5 0 ) and the antisense Luc residue together. Consequently, the degradation process produced by snake venom phosphodiesterase would generate the liberation of T-Luc residue instead of the Luc oligonucleotide alone.
Transfection experiments in the presence of Lipofectamine
The efficiency of phosphorothioate conjugates [Luc- (11) (12) (13) (14) (15) ] to knockdown Renilla luciferase mRNA was evaluated in the presence of Lipofectamine 2000 at 60 nM. Fig. 4A shows the inhibition activities generated by Luc-(11-15) conjugates taking into account the normalized ratio between the reporter Renilla and the control (Firey) luciferase genes, respectively. As displayed on Fig. 4A , the inhibition proles of antisense oligonucleotide conjugates showed comparable silencing activities to the unmodied phosphorothioate (Luc) oligonucleotide which was used as a positive control (around 90% inhibition). Additionally, a scrambled sequence (Scr) was also tested indicating the selectivity of the transfection experiment. This result suggested that the presence of both cationic residue -lysine, ornithine, homo-arginine and arginine -along with the additional guanine-rich oligonucleotide did not have a negative effect on the antisense activity and indicated that such modications did not disrupt the antisense mechanism.
Transfection experiments in the absence of Lipofectamine
The ability of the preformed cationic G-quadruplex conjugates [Luc-G4-(11-15)] to silence Renilla luciferase mRNA was also evaluated in the absence of commercially available cationic lipids (Fig. 4B) . Three concentrations of G-quadruplex-forming oligonucleotide conjugates were tested (60, 120 and 300 nM). As displayed on Fig. 4B , all antisense G-quadruplex hybrid conjugates were able to inhibit Renilla luciferase in a doseresponse manner thereby affording moderate inhibitory activities in the case of G-quadruplex conjugates at 300 nM (around 40% inhibition).
These results showed us the presence of the guanidinium group at the ends of conjugates (Luc-G4-13 and Luc-G4-14) slightly improved the efficiency in luciferase inhibition at 60 nM (14% and 23%, respectively) compared to the G-quadruplex -15 (right) (3.5 mM, each) . Luc-15 oligonucleotide was incubated with SNVDP (10 mU) at 37 C, withdrawn at indicated points, separated and stained with SYBR green II.
conjugates containing amine groups (Luc-G4-11 and Luc-G4-12) which did not show any evidence in the transfection process at the same concentration (*p < 0.05 in the case of Luc-G4-11 versus Luc-G4-13 and **p < 0.01 for Luc-G4-11 versus Luc-G4-14 at 60 nM).
Antisense G-quadruplex conjugates (Luc-G4-11, Luc-G4-13 and Luc-G4-14) displayed similar silencing at both 120 nM (29%, 23% and 23%) and 300 nM (43%, 37% and 35%) respectively, as the G-quadruplex construct concentration was increased. These results represented a signicant reduction in the Renilla luciferase when the Luc-G4-11 concentration (from 60 to 120 nM; *p < 0.05) and Luc-G4-14 (from 120 to 300 nM; *p < 0.05) were increased. These inhibition results, though modest, showed that both cationic modications and G4-quadruplex nanostructures did not have a negative impact on the antisense activity, as conrmed by the transfection assay carried out with Lipofectamine. Curiously, the unmodied tetramer (Luc-G4-15) was also able to efficiently silence Renilla luciferase mRNA with comparable activities just like modied Gquadruplex conjugates at the three concentrations tested (28%, 35% and 41% for 60, 120 and 300 nM, respectively). This dose-response prole signicantly demonstrated an inhibition potency at high concentration (300 nM) when compared to silencing activities at 60 nM (*p < 0.05). The antisense Luc-G4-15 construct also displayed signicant luciferase inhibition values in comparison with Luc-G4-13 at 60 and 120 nM (**p < 0.01 and *p < 0.05, respectively) and Luc-G4-14 at 120 nM (**p < 0.01).
To conrm that the antisense effect promoted by the cationic G4-quadruplex conjugates was only gene-specic, a d[(TG 4 T)] 4 construct not containing the antisense oligonucleotide (Luc) was also tested. As expected, the G-quadruplex alone did not show either luciferase inhibition activity or anti-proliferative activity on HeLa cervical carcinoma cells. The lack of the d [(TG 4 T)] 4 cytotoxicity in HeLa cells is in accordance with the results obtained by Dapic et al. 54 It has recently been described that the anti-proliferative activity of several guanine-rich oligonucleotides like AS1411 among others may come from the metabolites generation of the enzymatic digestion Gquadruplexes such as G monophosphate. 55 However, the concentration used in these experiments was quite high compared to the concentrations used in this study on antisense therapy.
While the presence of the lysine protonable 3-amino group and the positively charged guanidine groups may have a positive impact on transfection due to the presence of cationic residue, [56] [57] [58] additional factors could be also hypothesized in accordance with the results obtained in Fig. 4B . Alternatively, the ability of the antisense G-quadruplex constructs (Luc-G4-11, Luc-G4-13, Luc-G4-14 and Luc-G4-15) to silence Renilla luciferase gene was studied with serum-free medium conditions. 59 As displayed in Fig. S7 (see ESI †), inhibition was practically abolished at 120 nM in serum-free media. These preliminary results suggest that transfection of G-quadruplex structures could be mediated by factors present either in serum 60 or in the cell membrane.
Interestingly, some studies have suggested nucleolin (NCL)-mediated endocytosis as the main cellular uptake mechanism for G-quadruplex structures.
61 NCL is a phosphoprotein highly expressed at the proliferating surface cells. 62 According to Maizels ndings, 63 NCL is able to bind G-G paired structures as natural binding targets with a high affinity and has become an important target for anti-cancer therapies among others. 64, 65 It might be conceivable that the presence of electrostatic interactions between cationic Luc-G4- (11) (12) (13) (14) conjugates and the anionic NCL at the cell surface could contribute to better Gquadruplex absorption into cells. 66 Interestingly, this enhanced efficiency has been observed with G-quadruplexes modied with positively lysine-rich (Luc-G4-11), homo- arginine (Luc-G4-13) and arginine (Luc-G4-14) cationic residue. However, we cannot assert in a peremptory fashion that NCL is the only mechanism involved in the G-quadruplex cellular uptake since other mechanisms like micropinocytosis have been also proposed for the internalization of these kinds of nanostructures into cells. 55, 67 To solve these inconclusive results, further studies would need to be carried out in order to have a deeper understanding of the cellular uptake mechanism as well as its gene silencing activities.
To evaluate the cellular uptake, ow cytometry was used to study the amount of uorescently labelled cell populations by analyzing changes in uorescence between both untreated and treated cells when transfected with FITC-Luc-G4-16 in the absence of Lipofectamine (Luc-G4-16) aer 24 hours of incubation at several concentrations (120, 300 and 600 nM) (Fig. 5) . We rst analyzed uorescently labelled and unlabelled cell populations by selecting a normal R1 gate for HeLa cells based on their light scattering properties (Fig. 5A ). An increase in the G-quadruplex conjugate (Luc-G4-16) concentration up to 600 nM produced a gradual internalization of the nanostructure inside cells, as illustrated in Fig. 5B . This produced a greater number of transfected cells containing the FITC dye and displayed a remarkable histogram shi in comparison with untreated cell populations ( Fig. 5B.2 ). This effect was clearly visible inside HeLa cells aer 24 hours of incubation (Fig. S8 †) . Finally, a relationship between G-quadruplex concentration and the amount of uorescently labelled cells was observed (67%, 86% and 96% for 120, 300 and 600 nM, respectively) (Fig. 5B.3 and B.4).
As control experiments, the uorescently labelled Luc-G4-16 was formulated into liposomes by adding Lipofectamine 2000 in order to transfect HeLa cells (Fig. S9 †) . As displayed in Fig. S9A , † a clear distinction between treated and untreated cell populations with regard to the size was observed which afforded more than 90% of the cells labelled with FITC dye.
A similar amount of transfected cells was obtained when the uorescently labelled monomer (Luc-16) was used at the same concentration (60 nM) with Lipofectamine 2000. This transfection efficiency mediated by the G-quadruplex nanostructure (Luc-G4-16) and the antisense oligonucleotide (Luc-16) produced comparable shis in the histogram for uorescently labelled cell populations with FITC dye (Fig. S9B †) .
Conclusions
A series of oligonucleotides having a telomeric G-quadruplex forming sequence modied with amino and guanidinium residue at the 3 0 -end were synthesized using solid-phase and post-synthetic protocols and threoninol linker and Fmoc-amino acids. The presence of the amino and guanidinium groups did not alter the formation of a parallel G-quadruplex and stabilized the anticipated nanostructures compared to the unmodied oligonucleotide tetramer. Additionally, a phosphorothioate antisense sequence was introduced at the 5 0 -end of the telomeric sequence containing the same cationic residue which resulted in the formation of the expected cationic antisense Gquadruplex hybrid constructs. The ability of G-rich antisense oligonucleotides to hybridize with a complementary RNA sequence had previously been shown from PAGE analysis by Wolfe. 68 Luciferase gene inhibition studies in the presence of Lipofectamine clearly showed that both cationic modications and the additional TGGGGT residue did not disrupt the antisense mechanism and obtained similar inhibition activities like the unmodied antisense oligonucleotide (Luc). Furthermore, the efficiency of these antisense G-quadruplex constructs for inhibiting the Renilla luciferase mRNA was also evaluated in the absence of Lipofectamine. The results showed moderate silencing activities for the G-quadruplex structures modied with lysine (Luc-G4-11), homo-arginine (Luc-G4-13) and arginine (Luc-G4-14) residue in the presence of 10% serum. However, in the absence of serum, the gene expression inhibition was practically abolished. Although there is little mechanistic understanding of G-quadruplex-mediated delivery, these results suggest that NCL might mediate gene transfection as well as act as a cell surface receptor 59 and thus facilitate the cellular internalization of these kinds of nanostructures. However, the effect of the serum content and alternative cellular uptake mechanisms should also be taken into account. Finally, the transfection efficiency of the G-quadruplex-forming oligonucleotide (Luc-G4-16) was analyzed using ow cytometry with several concentrations. This promoted a shied histogram and clearly distinguished uorescently labelled cell populations with FITC dye and non-treated cells. Further insight into cellular uptake mechanisms, cell trafficking as well as introducing alternative labile linkers for improving lysosomal release may help to understand the proper role played by these G-quadruplex nanostructures in gene delivery.
